In this research, the effect of the addition of zirconium oxide-synthesized nanoparticles on the microstructural development and the physical-mechanical properties of cement mortars with limestone aggregates was studied. Zirconia nanoparticles were synthesized using the co-precipitation method. According to XRD analysis, a mixture of tetragonal (t) and monoclinic (m) zirconia phases was obtained, with average crystallite sizes around 15.18 and 17.79 nm, respectively. Based on the ASTM standards, a mixture design was obtained for a coating mortar with a final sand/cement ratio of 1:2.78 and a water/cement ratio of 0.58. Control mortars and mortars with ZrO 2 additions were analyzed for two stages of curing of the mortar-7 and 28 days. According to SEM analysis, mortars with ZrO 2 revealed a microstructure with a high compaction degree and an increase in compressive strength of 9% on the control mortars. Due to the aggregates' characteristics, adherence with the cement paste in the interface zone was increased. It is suggested that the reinforcing effect of ZrO 2 on the mortars was caused by the effect of nucleation sites in the main phase C-S-H and the inhibition of the growth of large CH crystals, and the filler effect generated by the nanometric size of the particles. This produced a greater compaction volume, suggesting that faults are probably originated in the aggregates.
Introduction
Mortars and concretes are cementitious composites whose physical and mechanical properties are affected by each material in their constitution, such as the cementing agent, the fine and/or coarse aggregates, and the water. In the construction industry, mortar is the mixture of the raw materials, the binder component such as cement or lime, water, and sand, which form a paste that hardens during the process and hydration kinetics. It is essential to know the components and the characteristics of each element, such as the type and content of sand or fine aggregates, since these physical or chemical characteristics modify, in a different way, the structure of the mixture from workability to performance in the use phase [1] . The sand, or fine aggregate, used for the manufacture of mortars, can come from different sources, such as natural deposits (called natural sand or siliceous sand) or as crushed rock products (like limestone aggregates), each of them having distinctive physical characteristics that influence mortars and concretes differently [2, 3] . When it comes to concrete, the mixture volume mechanical and thermal properties of cement aluminate-based pastes has also been stated in the literature [21] ; for thermal energy-storing materials, it has been determined that the optimum value of zirconium oxide nanoparticle addition is 1% by weight, reaching the best results in the properties. Similarly, thermal conductivity and volumetric heat capacity of pastes enriched with zirconium oxide nanoparticles were improved. Zirconium oxide nanoparticles have also been added in reactive powder concretes (RPC); several works showed that zirconium oxide nanoparticles do not accelerate the hydration process of RPCs, however, they can make the hydration products distribution more uniform, restricting the growth space of CH crystals, obtaining denser microstructures of these concretes. It has also been reported that high contents of zirconium oxide nanoparticles can contribute to better mechanical properties (up to 3% by weight), however, in the absence of a good dispersion, they can agglomerate and weaken the reinforcing effect [22, 23] .
Most of the works presented in the literature regarding mortars or concretes have focused on the development and optimization of mechanical properties as a function of curing time, different curing media, and/or percentage of nanoparticle addition. They establish the fine aggregates (natural sand, river sand, or silica sand), cement, and water as part of the composite matrix, where the characteristics in the resistance values and the developed microstructure are not related as a function of the aggregate type or sand. With the addition of zirconium oxide nanoparticles, which is one of the least reported nanoparticles in the literature for similar research, these characteristics may be influenced by the different composites matrices. In general, any mortar or concrete may be improved in its physical properties and resistance with the addition of certain types of nanoparticles, however, the aforementioned becomes more relevant for the case of those elaborated with crushed limestone aggregates, due to their surface characteristics, such as roughness, texture, and porosity, which make the mixture absorb more water, increasing the cement demand to reach the design resistance. Therefore, globally, the potential impact of nanoparticle-added mortars, such as that in the present work, is the reduction of the amount of cement used in the mix, which entails both a lower production cost and a lower carbon footprint. Therefore, the objective of this study was to investigate the effect of zirconium oxide nanoparticles, cement, and limestone aggregates, characteristic of warm subhumid coastal regions (in the Southeast of Mexico), on several properties, such as the physical properties and compressive strength of cement-based cementitious composites as a function of microstructural development.
Materials and Methods

Synthesis and Characterization of ZrO 2 Nanoparticles
Zirconium oxide nanoparticles (ZrO 2 ) were synthesized according to the literature by the co-precipitation method [24] [25] [26] , using octahydrate zirconium chloride (Sigma-Aldrich, 98% purity, Saint Louis, MO, USA) doped at 7.5% mol of YO 1.5 , yttrium chloride, anhydrous, YCl3 (Sigma-Aldrich" 99.9% purity, Saint Louis, MO, USA) as precursor salt, and ammonium hydroxide NH 4 OH as a precipitant. Each precursor salt was dissolved separately in deionized water with constant agitation for 30 min, and then they were mixed with continuous stirring for another 30 min. Subsequently, ammonium hydroxide 25 wt % was added. The pH of the solution was maintained~9; the addition of this was done drop by drop, to avoid a strong agglomeration in the solution. After precipitation, the slurry was stirred for another 30 min and then heated at 80 • C for a certain time under continuous stirring. The resultant gel was filtered, and then washed with deionized water until no Cl¯was detected. The obtained powders were calcinated at 500 • C for 1 hour, according to the equilibrium phase diagram of ZrO 2 -YO 1.5 [16] . Samples were analyzed by X-ray diffraction (Bruker AXS D8 Advance, diffractometer, at a voltage of 40 kV, current of 40 mA and using Cu Kα radiation with a wavelength of 1.54 Å, Cancun, QR, Mexico) to determine the present phases, and crystallite size was calculated using the D. Scherrer formula from the peak intensities of the X-ray diffraction (XRD) patterns [27] .
The morphological analysis was carried out by scanning electron microscopy (SEM) in a JEOL JSM-6010PLUS/LA microscope, (Chetumal, QR, Mexico), equipped with energy dispersive X-ray spectroscopy (EDX).
Limestone Fine Aggregate
The cementing material was ordinary Portland cement, OPC. The sand used for this study was a fine aggregate obtained from the crushing of locally available limestone. In addition, a series of tests was conducted for the fine aggregates to evaluate the basic physical properties. For the granulometry tests, it was determined that the samples fulfilled the lower percentage between 2 consecutive meshes as indicated by the ASTM C136 standard [28] , that is, not exceeding 50% of the material. Fine aggregates were characterized by grain size, according to ASTM C144 standard [29] , specific gravity, and absorption, according to ASTM C128 standard [30] , to obtain the data necessary for the mix design.
Due to the type of the limestone fine aggregate used, a mixture adjustment was performed, setting the final proportions of cement/fine aggregate at 1:2.78 and a water/cement ratio of 0.58.
Morphological analysis and semi-quantitative elemental chemical analysis were obtained by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), respectively.
Cementitious Composites (Mortars)
Once the fine limestone aggregates were characterized, the samples of mortar were prepared. Reference mortar samples (RM) with 0% of ZrO 2 nanoparticle addition and samples with 1% weight of ZrO 2 nanoparticles (ZM) as a partial cement substitute were made. The analysis of the physical properties, such as density, percentage of absorption, and pore percentage, were carried out based on the ASTM C 642 [31] standard at 7 and 28 days of curing in water. To obtain valid statistical results, 10 cylindrical mortar specimens were made for each composition with dimensions of 2" diameter by 40 mm high. The compressive strength test was carried out according to the ASTM C 109 [32] standard. Based on this, groups of 6 specimens of each mortar were made in cubic molds of 5 cm edge.
For the microstructural analysis, by SEM, samples of RM and ZM were extracted from the fractured cubes that were subjected to compression. Figure 1a shows a SEM image of the limestone aggregates passing the 200 mesh (74 µm), where the general physical aspect is observed, like their irregular shapes of angular type and a narrow size distribution. Figure 1b shows the detailed particle size distributions of the fine limestone aggregates obtained by sieving. The gradation curve shows a slight deficiency in the particle size distribution; however, this sand was used trying to have results as close as possible to actual working conditions for the fine finishing mortar, which has a fineness modulus of 2.63, a percentage of absorption of 5.1, and a specific gravity of 2.5. The summary of the physical properties is listed in Table 1 . Figure 1a shows a SEM image of the limestone aggregates that pass the 200 mesh (74 µm), where the general physical aspect is observed, like their irregular shapes and with a narrow size distribution. Figure 1b shows the limestone aggregates granulometry and it depicts the deficiencies in the particle size distribution; however, this sand was used in an attempt to produce results as close as possible to actual working conditions for the fine finishing mortar, which has a fineness modulus of 2.63. Figure 2 , an image from a particle of the aggregates is observed as well as the result of the elemental chemical composition by EDX. Figure 2a shows a fracture surface that presents diverse flat and cleaved surfaces along the planes, and structures in the shape of polyhedrons with well-defined corners that form the particles. Several EDX analyzes were performed per sample. Results indicated that the limestone aggregates contained a high magnesium percentage (Mg) as shown in Figure 2b . According to the literature [7, 33, 34] , this could correspond to a type of aggregate not clastic, coming from sedimentary crushed rocks called dolomite.Therefore, it is a carbonate mineral (calcium magnesium carbonate, CaMg(CO3)2) formed by chemical or biological precipitations from seawater reacting with CaCO3, whose main components are calcite and dolomite. The X-ray diffraction analysis of the aggregates shows that the characteristic peaks corresponded to the crystalline structure of calcite and dolomite, as is possible to observe in Figure 3 . The results corroborate that the fine aggregates used for the preparation of mortars for this investigation correspond to calcitic dolomitic. In Figure 2 , an image from a particle of the aggregates is observed as well as the result of the elemental chemical composition by EDX. Figure 2a shows a fracture surface that presents diverse flat and cleaved surfaces along the planes, and structures in the shape of polyhedrons with well-defined corners that form the particles. Several EDX analyzes were performed per sample. Results indicated that the limestone aggregates contained a high magnesium percentage (Mg) as shown in Figure 2b . According to the literature [7, 33, 34] , this could correspond to a type of aggregate not clastic, coming from sedimentary crushed rocks called dolomite.Therefore, it is a carbonate mineral (calcium magnesium carbonate, CaMg(CO 3 ) 2 ) formed by chemical or biological precipitations from seawater reacting with CaCO 3 , whose main components are calcite and dolomite. Figure 2 , an image from a particle of the aggregates is observed as well as the result of the elemental chemical composition by EDX. Figure 2a shows a fracture surface that presents diverse flat and cleaved surfaces along the planes, and structures in the shape of polyhedrons with well-defined corners that form the particles. Several EDX analyzes were performed per sample. Results indicated that the limestone aggregates contained a high magnesium percentage (Mg) as shown in Figure 2b . According to the literature [7, 33, 34] , this could correspond to a type of aggregate not clastic, coming from sedimentary crushed rocks called dolomite.Therefore, it is a carbonate mineral (calcium magnesium carbonate, CaMg(CO3)2) formed by chemical or biological precipitations from seawater (a) SEM of a limestone aggregate particle (b) Elemental chemical analysis The X-ray diffraction analysis of the aggregates shows that the characteristic peaks corresponded to the crystalline structure of calcite and dolomite, as is possible to observe in Figure 3 . The results corroborate that the fine aggregates used for the preparation of mortars for this investigation correspond to calcitic dolomitic. The X-ray diffraction analysis of the aggregates shows that the characteristic peaks corresponded to the crystalline structure of calcite and dolomite, as is possible to observe in Figure 3 . The results corroborate that the fine aggregates used for the preparation of mortars for this investigation correspond to calcitic dolomitic. Figure 4 shows the XRD pattern of zirconia-synthesized powders, in which the characteristic peaks of the tetragonal (t) and monoclinic (m) phase of zirconia are presented. According to Scherrer equation [24] , the estimated crystallite size corresponds to 15.18 and 17.79 nm, respectively. Reflection of the sample is relatively broad, indicating that the sample consists of amorphous phase. It could be a pseudocrystalline phase due to the low calcination temperature, since it has been reported that the amorphous phase decreases gradually with the increase of calcination temperature and disappears when calcinated at 800 °C [23] . With the increase in temperature, shrinkage increases in the peaks, indicating an increase in the degree of crystallinity and the growth of the crystal size at higher temperatures. 
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The samples of mortar with ZrO2 nanoparticles, ZM, exhibited different results in their physical properties when compared to the reference mortars, RM, as shown in Figure 5 . Apparent density of ZM after 7 days of curing reached 2.66 g/cm 3 with 35.8% of permeable pore volume while, at 28 days, it reached its maximum of 2.71 g/cm 3 . Apparent density of RM was 2.45 and 2.52 g/cm 3 at 7 and 28 days respectively, with a permeable space volume of 36.6%. Figure 4 shows the XRD pattern of zirconia-synthesized powders, in which the characteristic peaks of the tetragonal (t) and monoclinic (m) phase of zirconia are presented. According to Scherrer equation [24] , the estimated crystallite size corresponds to 15.18 and 17.79 nm, respectively. Reflection of the sample is relatively broad, indicating that the sample consists of amorphous phase. It could be a pseudocrystalline phase due to the low calcination temperature, since it has been reported that the amorphous phase decreases gradually with the increase of calcination temperature and disappears when calcinated at 800 • C [23] . With the increase in temperature, shrinkage increases in the peaks, indicating an increase in the degree of crystallinity and the growth of the crystal size at higher temperatures.
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Figure 3. X-ray diffraction pattern of fine limestone aggregates. Figure 4 shows the XRD pattern of zirconia-synthesized powders, in which the characteristic peaks of the tetragonal (t) and monoclinic (m) phase of zirconia are presented. According to Scherrer equation [24] , the estimated crystallite size corresponds to 15.18 and 17.79 nm, respectively. Reflection of the sample is relatively broad, indicating that the sample consists of amorphous phase. It could be a pseudocrystalline phase due to the low calcination temperature, since it has been reported that the amorphous phase decreases gradually with the increase of calcination temperature and disappears when calcinated at 800 °C [23] . With the increase in temperature, shrinkage increases in the peaks, indicating an increase in the degree of crystallinity and the growth of the crystal size at higher temperatures. 
Physical-Mechanical Characterization of Cementitious Composites (Mortars)
The samples of mortar with ZrO2 nanoparticles, ZM, exhibited different results in their physical properties when compared to the reference mortars, RM, as shown in Figure 5 . Apparent density of ZM after 7 days of curing reached 2.66 g/cm 3 with 35.8% of permeable pore volume while, at 28 days, it reached its maximum of 2.71 g/cm 3 . Apparent density of RM was 2.45 and 2.52 g/cm 3 at 7 and 28 days respectively, with a permeable space volume of 36.6%. 
The samples of mortar with ZrO 2 nanoparticles, ZM, exhibited different results in their physical properties when compared to the reference mortars, RM, as shown in Figure 5 . Apparent density of ZM after 7 days of curing reached 2.66 g/cm 3 with 35.8% of permeable pore volume while, at 28 days, it reached its maximum of 2.71 g/cm 3 . Apparent density of RM was 2.45 and 2.52 g/cm 3 at 7 and 28 days respectively, with a permeable space volume of 36.6%. 
Microstructural Characterization of Cementitious Composites (Mortars)
As for SEM, the microstructural development analysis of reference mortars and of those with ZrO2 nanoparticle addition was carried out after 28 days of curing. The image in Figure 7 corresponds to micrographs of the surface of fractured mortars at a magnification of 100×. Reference mortar corresponds to Figure 7a , where a high percentage of voids (or holes) generated during cement hydration, oscillating around 20 to 250 μm, can be observed; the large reliefs shown in the image may correspond to the specimen fracture behavior. Figure 7b corresponds to the ZrO2 nanoparticle-added mortar where large voids or holes are not observed, although there is a considerable porosity appearance. Regarding the compressive strength of RM and ZM mortars, results for 7 and 28 days of curing are shown in the graph of Figure 6 . At 7 days, ZM mortars showed greater resistances than those of RM mortars. Following the same trend, after 28 days, compressive strength of ZM mortars surpassed the values of reference mortars. 
As for SEM, the microstructural development analysis of reference mortars and of those with ZrO2 nanoparticle addition was carried out after 28 days of curing. The image in Figure 7 corresponds to micrographs of the surface of fractured mortars at a magnification of 100×. Reference mortar corresponds to Figure 7a , where a high percentage of voids (or holes) generated during cement hydration, oscillating around 20 to 250 μm, can be observed; the large reliefs shown in the image may correspond to the specimen fracture behavior. Figure 7b corresponds to the ZrO2 nanoparticle-added mortar where large voids or holes are not observed, although there is a considerable porosity appearance. 
As for SEM, the microstructural development analysis of reference mortars and of those with ZrO 2 nanoparticle addition was carried out after 28 days of curing. The image in Figure 7 corresponds to micrographs of the surface of fractured mortars at a magnification of 100×. Reference mortar corresponds to Figure 7a , where a high percentage of voids (or holes) generated during cement hydration, oscillating around 20 to 250 µm, can be observed; the large reliefs shown in the image may correspond to the specimen fracture behavior. Figure 7b corresponds to the ZrO 2 nanoparticle-added mortar where large voids or holes are not observed, although there is a considerable porosity appearance. Figure 8 shows micrographs corresponding to RM at higher magnifications. In Figure 8a , the distinctive microstructural characteristics of hydrated cement can be observed, such as the tobermorite gel phase (C-S-H), which is the non-crystalline phase overlapped, or joined, around some limestone aggregates grains, some of them fractured [35] . The generation of ettringite crystals can be noticed in the interface zone between the tobermorite and the aggregate, at the edges, and at the center of holes. Large portlandite crystals (Ca(OH)2), with sizes around 5 μm, can also be noted clearly seen in the micrograph in Figure 8b , which corresponds to a magnification in the vicinity of the gap. The tobermorite phase can also be observed, some portlandite crystals distributed between the specimen and areas with intertwined crystals in the form of small needles corresponding to ettringite crystals. The microstructure of mortars with ZrO2 nanoparticles added is shown in Figure 9a , where can be observed that the development of hydration products was more compact, compared to the reference mortars. It is possible to note the particular relief generated by the type of fracture of the cementing material, formed by a set of aggregates with well-defined borders, completely adhered to the cementing paste. It can be noticed how this cementing paste covers the set of limestone aggregates achieving a high adherence between their surfaces, as shown in Figure 9b , which corresponds to higher magnifications. For its part, the contribution of zirconia particles in the level of compaction of the composite may be due to their effect as preferred nucleation sites for the formation of cement hydration products generated by them due to their high surface energy, as has Figure 8a , the distinctive microstructural characteristics of hydrated cement can be observed, such as the tobermorite gel phase (C-S-H), which is the non-crystalline phase overlapped, or joined, around some limestone aggregates grains, some of them fractured [35] . The generation of ettringite crystals can be noticed in the interface zone between the tobermorite and the aggregate, at the edges, and at the center of holes. Large portlandite crystals (Ca(OH) 2 ), with sizes around 5 µm, can also be noted clearly seen in the micrograph in Figure 8b , which corresponds to a magnification in the vicinity of the gap. The tobermorite phase can also be observed, some portlandite crystals distributed between the specimen and areas with intertwined crystals in the form of small needles corresponding to ettringite crystals. Figure 8 shows micrographs corresponding to RM at higher magnifications. In Figure 8a , the distinctive microstructural characteristics of hydrated cement can be observed, such as the tobermorite gel phase (C-S-H), which is the non-crystalline phase overlapped, or joined, around some limestone aggregates grains, some of them fractured [35] . The generation of ettringite crystals can be noticed in the interface zone between the tobermorite and the aggregate, at the edges, and at the center of holes. Large portlandite crystals (Ca(OH)2), with sizes around 5 μm, can also be noted clearly seen in the micrograph in Figure 8b , which corresponds to a magnification in the vicinity of the gap. The tobermorite phase can also be observed, some portlandite crystals distributed between the specimen and areas with intertwined crystals in the form of small needles corresponding to ettringite crystals. The microstructure of mortars with ZrO2 nanoparticles added is shown in Figure 9a , where can be observed that the development of hydration products was more compact, compared to the reference mortars. It is possible to note the particular relief generated by the type of fracture of the cementing material, formed by a set of aggregates with well-defined borders, completely adhered to the cementing paste. It can be noticed how this cementing paste covers the set of limestone aggregates achieving a high adherence between their surfaces, as shown in Figure 9b , which corresponds to higher magnifications. For its part, the contribution of zirconia particles in the level of compaction of the composite may be due to their effect as preferred nucleation sites for the formation of cement hydration products generated by them due to their high surface energy, as has The microstructure of mortars with ZrO 2 nanoparticles added is shown in Figure 9a , where can be observed that the development of hydration products was more compact, compared to the reference mortars. It is possible to note the particular relief generated by the type of fracture of the cementing material, formed by a set of aggregates with well-defined borders, completely adhered to the cementing paste. It can be noticed how this cementing paste covers the set of limestone aggregates achieving a high adherence between their surfaces, as shown in Figure 9b , which corresponds to higher magnifications. For its part, the contribution of zirconia particles in the level of compaction of the composite may be due to their effect as preferred nucleation sites for the formation of cement hydration products generated by them due to their high surface energy, as has been mentioned in the literature. A high degree of compaction is observed between the aggregates with cleaved regions along the planesandpreferred directions producing flat surfaces. It is presumed that his behavior occurred due to a mechanical effect to which it was exposed.
been mentioned in the literature. A high degree of compaction is observed between the aggregates with cleaved regions along the planesandpreferred directions producing flat surfaces. It is presumed that his behavior occurred due to a mechanical effect to which it was exposed. 
Discussion
Zirconia particles in tetragonal and monoclinic phases with submicronic particle sizes with crystallite sizes of 15.18 and 17.79 nm, respectively, were synthesized by coprecipitation of zirconia nanoparticles doped at 7.5 mol% with YO1.5.
Cement mortars with addition of these synthesized particles presented a microstructural development with a greater compaction degree than the reference mortars, smaller volume of pore space, and higher compressive strength, which allows inferring a good surface activity due to the high surface area of the obtained particles.
The efficiency of ZrO2 nanoparticles, in terms of the increase in resistance, was around 19%, possibly due to nanoparticle surface effects, which have a faster reaction rate than that of cement and may influence compressive strength at both ages. In addition, limestone aggregates have irregular shapes, rough texture, and they react or produce greater bonding between the aggregate particles and cement paste; there is an increment in the adhesion strength that can be correlated to a greater resistance [3] . Additionally, in the literature [16] , it has been reported that phase transformation effect occurs when zirconia in tetragonal phase is subjected to mechanical stresses and undergoes a martensitic transformation to the monoclinic phase, which involves an increase in volume of approximately 4%, which should contribute to the inhibition of the growth of cracks and the increase of compressive strength [24] . However, more studies will have to be carried out to identify and isolate the mentioned reinforcement mechanism in the matrix of the cementitious composite. According to the literature, since ZrO2 nanoparticles are characterized by their particle sizes with greater surface area, they increase the packing density of the cement particles, reducing the volume of permeable pores in the mixtures [18] .
According to SEM analysis, the reference mortars made with limestone aggregates presented a microporosity ranging from 10 nm to 1 μm, which depends mainly on the hydration degree, and they also presented a macroporosity consisting of entrained air in the form of spherical bubbles and sizes between 20 and 200 μm, besides the aggregate's porosity, that can greatly influence the properties of the mortar [36] . According to the literature [37] , pores smaller than 1 μm contribute to the transfer of capillary water while, in finer pores, the water is bound to the material and these pores do not contribute to water transfer. Pores greater than 100 μm can contribute to water permeability by gravity or to the entry of water driven by the wind. 
Zirconia particles in tetragonal and monoclinic phases with submicronic particle sizes with crystallite sizes of 15.18 and 17.79 nm, respectively, were synthesized by coprecipitation of zirconia nanoparticles doped at 7.5 mol% with YO 1.5 .
The efficiency of ZrO 2 nanoparticles, in terms of the increase in resistance, was around 19%, possibly due to nanoparticle surface effects, which have a faster reaction rate than that of cement and may influence compressive strength at both ages. In addition, limestone aggregates have irregular shapes, rough texture, and they react or produce greater bonding between the aggregate particles and cement paste; there is an increment in the adhesion strength that can be correlated to a greater resistance [3] . Additionally, in the literature [16] , it has been reported that phase transformation effect occurs when zirconia in tetragonal phase is subjected to mechanical stresses and undergoes a martensitic transformation to the monoclinic phase, which involves an increase in volume of approximately 4%, which should contribute to the inhibition of the growth of cracks and the increase of compressive strength [24] . However, more studies will have to be carried out to identify and isolate the mentioned reinforcement mechanism in the matrix of the cementitious composite. According to the literature, since ZrO 2 nanoparticles are characterized by their particle sizes with greater surface area, they increase the packing density of the cement particles, reducing the volume of permeable pores in the mixtures [18] .
According to SEM analysis, the reference mortars made with limestone aggregates presented a microporosity ranging from 10 nm to 1 µm, which depends mainly on the hydration degree, and they also presented a macroporosity consisting of entrained air in the form of spherical bubbles and sizes between 20 and 200 µm, besides the aggregate's porosity, that can greatly influence the properties of the mortar [36] . According to the literature [37] , pores smaller than 1 µm contribute to the transfer of capillary water while, in finer pores, the water is bound to the material and these pores do not contribute to water transfer. Pores greater than 100 µm can contribute to water permeability by gravity or to the entry of water driven by the wind.
The exposure of mortars on exposed surfaces in coastal areas is subject to high environmental loads, such as a high degree of salinity, high relative humidity, and high temperatures for most of the year. The soluble salts in mortars, supplied from external sources, may present a serious risk for their durability. Salts may come from the raw material or be supplied from external sources, such as the salt-laden wind and salt from the soil and groundwater that is transported through the walls or from wastes. Therefore, a low percentage of permeable pores in the mortars is required.
It is suggested that the type, form, and composition of the aggregate (dolomitic limestone) contribute, to a certain extent, to the microstructural development of mortars and also to the physical-mechanical behavior. In the reference mortars, these characteristics increase the adhesion with the cement paste and decrease the porosity in the interface zone, generating a greater compaction volume, which implies that faults may be originated in the aggregates. In the zirconia-added mortars, SEM images showed that aggregates tend to cleave along the planes, producing flat surfaces.
Conclusions
The microstructural development of cementitious composites with limestone aggregates and the addition of zirconia nanoparticles as a means of reinforcement was evaluated in mortars, in relation to their physical properties and compressive strength.
It was found that type, shape, and composition of the aggregate contribute to the microstructural development of cement mortars. In mortars with limestone aggregates, the analysis suggests that the failure onset originates within the aggregates and not in the interfacial zone.
In the zirconia-added mortars, a less porous microstructure was developed with a greater degree of compaction, which is reflected in an increase in the density and the compressive strength.
The analysis carried out in the work suggests that the reinforcement of the added mortars is due to the high surface activity of the zirconia nanoparticles. Reinforcement in the zirconia-added mortars is derived mainly from three mechanisms: the filler effect, nucleation effect, and the phase transformation effect. The filler effect is exerted by zirconia particles when they are trapped in the empty spaces, or pores, generated by the cement's own hydration process, resulting in the filling of the interstices. Regarding the nucleation effect, zirconia particles serve as preferential nucleation sites for cement hydration products, either within the pore space or at the interface between the cement paste and the aggregates, or between the hydration products, generating a higher (CSH) tobermorite phase content and inhibiting the growth of calcium hydroxide crystals Ca(OH) 2 .
In spite of all of the above, more research is required using specific techniques to analyze the reinforcement mechanism exerted by the zirconia particles on the matrix of the composite. A high void content was not observed in the aggregates, taking into account that the absorption percentage is a proxy of the void content, which was also corroborated by SEM.
The use of zirconia nanoparticles in cementitious composites with limestone aggregates has produced microstructural development with a direct benefit in the reinforcement of the matrix, which generates an important incentive for a research avenue of a greater scope, leading to better development of the mechanical properties through microstructural control.
